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Abstract 

0 
Sputtered MoS2 fi lms (2000 - 6500 A) were deposited 

on highly polished metal surfaces. These fi lms have a 
low coeff ic ient  of f r i c t i o n  (0.03 - 0.04) a t  speeds of 
40 - 80 rpm and loads of 250 - 1000 grams. At loads of 
250 grams the  wear l i v e s  are  over 0.5 mill ion cycles, but 
a t  1000 gram loads, it decreases t o  38,000 cycles. Fr ic-  
t i o n  experiments and t e n s i l e  t e s t s  have indicated t h a t  
sputtered fi lms have a strong adherence t o  metal surfaces. 
Electron transmission, d i f f rac t ion  and scanning e lect ron 
microscopy show t h a t  these ilms have an extremely small 
p a r t i c l e  s i ze  l e s s  than 30 f i n  diameter and are  very 
dense and f ree  from observable pinholes. ' The high kine- 
t i c  energy of these sputtered species, the submicroscopic 
p a r t i c l e  s i ze  and the sput ter  etched subst ra te  surface i s  
responsible fo r  strong adhesion and cohesion of the sput-  
t e red  film. 

Introduction 

When s o l i d  f i lm lubr ican t s  (AU, Ag, 
MoS2, wS2) are  applied t o  surfaces by sput- 
ter ing,  very t h i n  f i lms of about 2000 8 
th ick a re  required t o  achieve e f fec t ive  lub- 
r i ca t ion .  F r ic t ion  experiments conducted i n  
vacuum gave longer endurxnce l i v e s  and lower 
wear with sputtered MoS2 and FTSZ fi lms than 
was obtained with the same fi lms ap l i e d  by 
other more commonly used methods. (17 As a 
consequence, the  method of appl icat ion has 
been shown t o  have a d i r e c t  e f f e c t  on the 
performance of the film. The f a c t  tha t  
sputtering provides higher arrival. energies 
of the sputtered species has ce r ta in  conse- 
quences with respect  t o  f i lm formation. The 
strong adherence be tween the sputtered f i lm 
and the surface can be explained i n  terms 
of the  high k ine t i c  energies of the sput- 
tered species and the sput ter  etched (clean- 
ed) surface. The high a r r i v a l  ve loc i t i e s  of 
the sputtered species bring with them a cer-  
t a i n  act ivat ion energy f o r  react ing with the 
surface. 

When r f  sput ter ing i s  used, a l l  types 
of s o l i d  f i lm lubr icants  (conductors, semi- 
conductors, insula tors)  can be d i r e c t l y  and 
accurately deposited. A control led  coating 
i s  always maintained i n  terms of f i lm ad- 

herence, composition, thickness and uni- 
f ormity when the experimental conditions . 
are  kept constant. The following types of 
s o l i d  f i lm lubr ican t s  have been sputtered: 
(1) lamellar  - compounds ( M O S ~ ,  WSZ, 
NbSe2), ( 2 )  s o f t  metals (AU, Ag, Pb), and 
(3) p l a s t i c s  (RFE and polyimides),(2) 

The objective of t h i s  paper i s  t o  dis-, 
cuss r f  sput ter ing of MoS? and i l l u s t r a t e  
the f i lm formation charac%eris t ics  and the 
behavior of such fi lms during s l id ing  f r i c -  
t i o n  experiments i n  vacuum. Sputtered, 
2000 a t h i n  f i lms were used and these fi lms 
had an exceptionally strong adherence t o  
highly polished ( r e f l e c t i v e  5 x 1 0 ~ ~  ym (-2 
pin. ) ) metal surfaces. Strong adherence i s  
shown by means of tensile t e s t  specimexis 
coated with a sputtered MoSZ f i b .  The 
strength and durab i l i ty  of these films were 
t e s ted  i n  ultra-high vacuwn f r i c t i o n  exper- 
iments. A hemispherical metal r i d e r  was i n  
s l id ing  contact with the disk surface on 
which the f i lm had been sputtered. The 
average coeff ic ient  of f r i c t i o n  was about 
0.03 - 0.04 over mill ion cycles a t  speeds 
of 40 - 80 rpm using loads of 250 - 1000 
grams with a 4.75 mm radius hemispherical 
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r i d e r  s l id ing  on a f l a t .  Electron micro- 
scopy, e lect ron d i f f rac t ion  and scanning 
e lect ron microscopy were used t o  character-  
ize  and analyze these fi lms f o r  p a r t i c l e  
size,  or ienta t ion e f f e c t s ,  f i lm roughness 
and density. Actual wear t racks  a f t e r  f r i c -  
t i o n  experiments were analyzed by scanning 
e lect ron microscopy. 

APPARATUS 

Ultrahigh Vacuum Fr ic t ion  Apparatus 

The vacuum f r i c t i o n  apparatus shown i n  
Fig. 1 was used fo r  determining the coeff i -  
c ien t  of f r i c t i o n  and the  durab i l i ty  of the 
sputtered coatings. The bas ic  components 
of the apparatus are the specimens, a 6.35 
cm diameter f l a t  disk, and a 4.75 mm radius 
r i d e r .  The disk specimen was mounted on the 
end of the rota table  hor izonta l  shaf t  i n  the 
vacuum chamber. A 4.75 mm hemispherical 
r i d e r  specimen was loaded against  the disk. 
The r i d e r  was supported by a bellows-sealed, 
r i g i d  arm which projects  through a por t  i n  
the side of the vacuum chamber. A removable 
gimbal assembly containing a s t r a i n  gauge 
measuring device was used t o  load the r i d e r  
agains t  the disk  surface and t o  monitor the 
f r i c t i o n a l  force.  The f r i c t i o n  t e s t s  were 
conducted a t  various speeds of from 40 - 80 
rpm using loads of 250 - 1000 grams i n  a 
vacuum of 10-11 t o r r .  

RF Sputtering System With DC Bias 

The sput ter ing apparatus i s  a rf-diode 
mode with a superimposed dc-bias. The sys- 
tem i s  shown schematically i n  Fig. 2 (a )  and 
photographically during sput ter ing with the 
dc-bias i n  Fig. 2 (b ) .  The apparatus con- 
s i s t s  of a water cooled metal electrode t o  
which the MoS2 ta rge t  mater ia l  i s  bonded. 
The bonded MoS2 ta rge t  i s  a c i rcu la r  d isk  
about 0.63 cm thick and 12.7 cm i n  diameter. 
The system consis ts  of 3 electrodes,  the  
t a rge t  t o  which the r f  po ten t i a l  i s  applied, 
the specimen which i s  a t  a negative dc po- 
t e n t i a l  and the metal screen which has a 
posi t ive  dc potent ia l .  This system i s  capa- 
b l e  of sequential  subst ra te  cleaning or  
etching, followed by r f  sput ter  deposit ion 
or  simultaneously etching while sputtering.  
To clean the specimen by sput ter  etching a 
negative po ten t i a l  ( 2  - 5 kv) with respect 
t o  the screen i s  applied t o  the specimen. A 
glow discharge i s  immediately es tabl ished 
and sput ter  etching of the  surface begins 

After the surface i s  pre-cleaned the r f  
power source (1 kw capacity) t o  the  t a rge t  
i s  energized and f i lm deposition by rf 
sputtering begins. During r f  sput ter ing 
once the surface i s  precleaned the dc vo l t -  
age can be turned off  or the po ten t i a l  re- 
duced t o  the specimen so t h a t  the reverse' dc 
sput ter ing r a t e  i s  smaller than the foxward 
r f  sput ter ing r a t e .  A rotata'ole shu t te r  i s  
placed i n  f ron t  of the  t a rge t  during dc 
spu t te r  etching of the specimen t o  7revent 
the sputtered mater ia l  from contmi:?atilig 
the target .  

Sputtering Procedure 

A t  the s t a r t  of the sput ter ing process 
the argon pressure of 15 - 17 C, I s  estab- 
l i shed.  A high voltage of ( 2  - 5 kv) i s  
applied t o  the specimen t o  be pla ted which 
es tabl ishes  a glow discharge, thereby sput- 
t e r  etchi'ng the specimen. After a prede- 
termined period of sput ter  etching which de-a 
pends on the mater ia l  used, the high voltage 
dc i s  turned off  and r f  power applied t o  tile 
t a rge t .  The most important power require- 
ment i n  r f  sput ter ing i s  to  match the  output 
of the power supply t o  the load proper t ies  
of the plasma. A matching netuork serves 
t h i s  purpose, t o  control  and adjus t  the 
proper power requirements. The forward and 
reverse power i s  monitored by power read-out 
meters. 

The following r f  sputtering parameters 
were used f o r  depositing Y0S2 fi lms: r f  
frequency 7 MHz, argon pressure 15 - 17 p, 
power input 400 w, re f l ec ted  power about 
2 w, dc input 500 v, t a rge t  voltage AC 1,2 - 
1 .3  kv, t a rge t  t o  specimen distance 2 .54  cm, 
sput ter ing r a t e  about 150 Elmin. The sspeci- 
men temperature was monitored by a thermo- 
couple and during the above power l eve l s ,  
the specimen temperature was about 9O0 C. 

An in te res t ing  and useful  phenomena 
was observed during r f  sput ter ing wl~en the 
specimen i s  located about 7.6 cm from the  
t a rge t  and f loat ing,  and exposed from all 
sides t o  the plasma sheath; under these con- 
d i t ions  the specimen i s  completely coated 
from all sides.  Ut i l iz ing t h i s  phenomena, 
MoSZ was sputtered on a rwnber of b i L l  
bearing components (cages and r a c e s ) ,  Fig- 
ure 3 shows the coated b a l l  bearing compo- 
nents which were completely coatec? Includ- 
ing the b a l l  pockets of the cages. The po- 
t e n t i a l s  used during sputtering and the 
distance between the target  an2 the speci-  
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men is  very c r i t i c a l  t o  the f i lm uniformity 
of the  components. 

Results  and Discussion 

Characterization of Sputtered MoS2 Films a s  
Deposited 

The sputtered MoS2 fi lms were qua l i t a -  
t i v e l y  and quan t i t a t ive ly  analyzed by chem- 
i c a l  and spectrographic methods f o r  any 
change i n  s to ich imet ry .  The quant i ta t ive  
analyses of the  bulk and sputtered MoS2 ma- 
t e r i a l  are  shown i n  Table 1. The analysis 
of the dc and r f  sputtered MoS2 fi lms show 
a very small campositional_ change from the 
bulk material .  The . table  i l l u s t r a t e s  t h a t  
during sput ter ing the lubr icant  f i lm can be 
.d i rect ly  t ransferred onto a surface while 
re ta ining the same composition. Such fi lms 
a r e  not usually a t t a inab le  by ordinary 
coating techniques. To examine and eval-  
uate the  f i lm formation charac te r i s t i c s  of 
these sputtered f i lms formed under high 
energy conditions e lect ron transmission and 
e lect ron d i f f rac t ion  microscopy were u t i l i -  
zed. The object  was t o  determine the f i lm 
s t ruc tu re  and any o r ien ta t ton  e f f e c t s .  
MoS2 fi lms about 500 2 th ick  were sputtered 
on nickel ,  g lass  and mica surfaces under 
iden t ica l7  experimental conditions. Sput - 
t e r ing  was performed on the  three  d i f fe ren t  
subst ra tes  during the same run, el iminating 
all possible operation& var iables .  The 
subst ra te  temperature was monitored by a 
thermocouple before and during sput ter ing 
and the temperature under these conditions 
was 90' C .  Bright and dark f i e l d  micro- 
graphs were taken of randomly se lected areas 
of the  sputtered f i lm on each of the  three  
substrates.  

I n  dark f i e ld ,  c s t a l s  normally show 
up as  br ight  spots. (2y m e s e  transmission 
micrographs were taken a t  a magnification 
of 154,000 x. In  a l l  cases the micrographs, 
i r respect ive  of the  subst ra te ,  had an iden- 
t i c a l  appearance and a typical  micrograph , 

of sputtered MoS2 f i lm i s  shown i n  Fig. 4. 
This micrograph i l l u s t r a t e s  tha t  the f i lm 
had a continuous, s t ruc tu re less  appearance. 
It does not reveal  any v i s i b l e  grains o r  
gra in  boundaries. Figures 5 ( a )  and (b) a re  
typ ica l  micrographs a t  250,000 x and 
500,000 x and again does not show any de- 
gree of texturing.  Previous investigations 
have shown t h a t  i n  a dark f i e l d  one can 
image c rys ta l s  a s  smal l  a s  30 2 i n  diam- 
e t e r .  The dimensions of these sputtered 
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species a r e  close t o  the Limit of resolut ion 
of the  microscope, therefore the exact s i ze  
and d i s t r ibu t ion  could not be d e t e h n e d .  
It i s  concluded howev r, t h a t  the p a r t i c l e  P s ize  i s  l e s s  than 30 i n  diameter. Elec- 
t ron  d i f f r a c t i o n  pat terns  of the sputtered 
MoS2 on nickel, g lass  and mica were a l s o  ' 
very s imilar  i n  appearance. Typical d i f -  
f rac t ion  micrographs are  shown i n  Figs, 6 (a )  
and (b)  . I n  both cases a broad, dispersed 
r ing  was obtained which f a i l e d  t o  indicate  
any c r y s t a l l i n i t y  i n  the film. 

Transmission e lect ron micrographs a l s o  
showed t h a t  pinholes, greater  than 30 8 i n  
diameter were absent i n  the fiI_rA1s. This 
indicates  tha t  the density of the  sputtered 
fi lms i s  very close t o  the  density of the 
bulk material .  Formation of pinholes gen- 
e r a l l y  i s  in terpreted a s  resu l t ing  from poor 
adhesion. These transmission niicrographs 
have proee t h a t  the sputtered film has a 
submicroscopic p a r t i c l e  s ize  possibly of an 
amorphous nature, and the fi lms are  of high 
density. 

The sputtered f i lm i n  all instances was 
rougher than t h e  o r ig ina l  subst ra te  surface. 
When s o l i d  f i lm lubr icants  are  applied by 
the most commonly used niethods t o  surfaces, 
the  surface always has t o  be roughened t o  
obtain a longer wear l i f e .  The wear l i f e  i s  
extended due t o  an increased s~ l r face  con- 
centration of the  lubr icant .  I n  contras t  
the sputtered fi lms were deposited on highly 
r e f l e c t i v e  surfaces (5x10"~  pm) . Such high- 
l y  polished surfaces are  not used f o r  bes t  
r e s u l t s  when a s o l i d  lubr icant  i s  applied by 
the conventional methods, With the highly 
polished surface, surface roughness s t i l l  
ex i s t s ,  but it i s  on the atomic or  molecular 
scale.  The submicroscopic p a r t i c l e  s ize  of 
the  sputtered species and the high veloci ty  
of these p a r t i c l e s  a r e  responsible f o r  pro- 
viding an adherent, dense lubr ica t ing  film. 
The microscopic depressions can be e a s i l y  
penetrated by the  energetic submicroscopic 
species. 

Tensile Testing. 

To evaluate the adherence o f  these 
sputtered MoS2 films, t e n s i l e  t e s t i n g  was 
selected.  A number of 2 , 5  cm gage length  
nickel ,  inconel and 52,000 t o o l  s t e e l  speci- 
mens were coated with sputtered MoSz fi lms 
with various thicknesses from 2000 - 10,000 
8. After coating the specimens, they were 
t e n s i l e  t e s ted .  Figure 7 shows the appear- 



ance of typical  n ickel  and inconel speci- 
mens before and a f t e r  breaking. The broken 
(uncoated and coated) specimens i n  Fig. 7 
show a "roughening e f fec t "  on the surface 
due t o  the p l a s t i c  flow of 38 percent elon- 
gation and 81 percent reduction i n  area. 
The surface topography of the elongated 
sect ions  of the uncoated broken specimens 
i s  s imi lar  t o  sections of the  sputtered ones 
showing no scal ing o r  peeling e f fec t s .  The 
sputtered f i lm on the broken elongated sec- 
t i o n  of the specimen i s  in tac t ,  and the 
f i lm p l a s t i c a l l y  flows with the  bulk ma- 
t e r i a l .  This strong adherence can be bas- 
i c a l l y  a t t r i b u t e d  t o  the r e l a t i v e l y  high 
a r r i v a l  energies (15 - 60 ev) of the sput- 
t e red  species, the s.ubmicroscopic p a r t i c l e  
s ize  and the spu t te r  etched surface. These 
energetic,  submicroscopic sputtered specie's 
have ce r ta in  ac t iva t ion  energies which fa-  
vorably a f fec t  surface adherence and a l so  
increase the cohesion between the pa r t i c les .  
The strong p a r t i c l e  t o  p a r t i c l e  cohesion i s  
responsible f o r  the  formation of high den- 
s i t y  films. 

MoS2 sputtered onto N i ,  Au, Ag, Co, 
Mo, W, T i ,  Al, a number of s t e e l s  (e.g. ,  
440C, 52100), g lass ,  p l a s t i c s ,  e tc . ,  did 
not show any s t r e s s  induced peeling within 
the  film. The t h i c h e s s  range changed from 
2000 - 10,000 8 f o r  the above substrates.  
S t ress  induced peeling becomesoimportant 
f o r  f i lms th icker  than 15,000 A. There- 
fore,  the MoSZ f i lms considered i n  t h i s  
study a re  f ree  of s t r e s s  peeling e f fec t s .  
Other fac to rs  contributing t o  the  low s t r e s s  
are  the low temperature which was main- 
ta ined during sput ter ing and the r e l a t i v e l y  
low sput ter ing r a t e  (150 a/min). Generally 
it has been observed t h a t  the  strongly ad- 
herent films do not exh ib i t  inherent s t ress -  
e s  a s  readi ly  a s  poorly adherent films. 
One exception was observed i n  respect  t o  
MoS2 adherence; it did  not adhere t o  copper 
or  bronze surfaces.  The f i lm had a tenden- 
cy t o  b l i s t e r  and peel  even during the sput- 
t e r ing  process. A typ ica l  sputtered MoS2 
f i lm on copper surface i s  shown i n  Fig. 8. 

Evaluation of Sputtered Films During Fr ic-  
t ion Experiments 

I n  a l l  instances MoS2 was sputtered on 
highly polished (5x10-4 ym) metal surfaces. 
Before sput ter  coating the metal surfaces, 
they were cleaned by sput ter  etching. The 
deposited f i lm thickness was between 2,000 - 
6,500 8 th ick as  measured by an i n t e r f e r -  

ence m croscope. It was determined tha t  a 
2,000 ij th ick  MoS2 sputtered f i lm was suf-  
f i c i e n t  t o  provide e f fec t ive  lubr ica t ion  
when t e s t e d  i n  u l t r a  high vacuum, 

The r f  sput ter ing parameters were kept 
constant ( r f  - frequency, 7 Mi,; argon pres- 
sure 15 - 17 y; r f  power input 400 watts,  
r e f l ec ted  power about 2 w; dc input 500 v; 
t a rge t  voltage AC, 1.25 - 1.35 Bv; t a r g e t  
t o  specimen distance about 2.5 em) . Fric-  
t i o n  t e s t s  i n  u l t r a  high vacuum were con- 
ducted on these sputtered fi lms,  A typ ica l  
f r i c t i o n  curve i n  the  i n i t i a l  s t a t e  i s  pre- 
sented i n  Fig. 9. The data of Fig, 9 was 
obtained with a 440C r i d e r  s l id ing  on a 
sputtered MoSz f i lm (2,000 a) deposited on 
a 440C disk a t  an applied load of 250 grams 
and speed of 50 rpm. The coeff ic ient  of 
f r i c t i o n  a t  the beginning of the f r i c t i o n  
t e s t  was 0.06 which was somewhat higher than 
the steady s t a t e  value. During the f i r s t  
few minutes or  u n t i l  100 r e v o l u a t i o ~ s  bad 
been reached, the coeff ic ient  of f r i c t i o n  
continuously dropped u n t i l  a value of C, 03 - 
0.035 was reached. With an t inued  s l id ing  
the coeff ic ient  of f r i c t i o n  reached a steady 
s t a t e  f r i c t i o n  value of 0.04. Once t h i s  
value was reached, the  endurance l i f e  was 
over 0.5 mil l ion cycles, 

When the i n i t i a l  load se lected was . 
1000 grams and the  speed was 50 rpm, the 
coeff ic ient  of f r i c t i o n  s t a r t e d  a t  even a 
lower value and the average f r i c t i o n  co- 
e f f i c i e n t  was 0.02 ( ~ i g .  1 0 ) .  The endur- 
ance l i f e ,  however, with t h i s  high load was 
considerably shortened and the f i lm f a i l e d  
a f t e r  38,000 cycles. A comparison of the 
coeff ic ient  of f r i c t i o n  i s  shown i n  
Figs. ~ ( a )  and (b ) ,  where the experiments 
are  conducted a t  two d i f fe ren t  speeds, The 
speeds were 40 rpm and 80 rpm and the loads 
were changed from 250 - 1000 grams. Fig- 
ure l l ( a )  i l l u s t r a t e s  tha t  the coeff ic ient  
of f r i c t i o n  a t  a 250 gram load i s about 
0.04 while a t  1000 grams, it i s  0 -025, Fig- 
ure l l ( b )  shows s imilar  r e s u l t s  except a t  a 
higher speed (80 rpm). A t  250 grams load, 
the  coeff ic ient  i s  again about 0.04 but a t  
1,000 grams load, it drops t o  0-03.  These 
f r i c t i o n  curves indicate  t h a t  a t  the lower 
loads and speeds (250 grams and 40 rpm,  
respectively) the average coeff ic ient  i s  
0.04 and the wear l i v e s  are  over 0 .5  mil l ion 
cycles. A t  the heavier loads (1000 grams) 
and higher speeds (80 rpm) the average co- 
e f f i c i e n t  i s  the lowest (about 0.02) but the 



wear l i f e  i s  considerably reduced (38,000 
cycles) .  

A typ ica l  wear t r ack  of sputtered MoS2 
f i lm on N i - C r  d isk  which did  not f a i l  a f t e r  
running 5 .8~105  cycles i s  shown i n  Fig. 12. 
It was observed i n  these experiments and 
shown i n  Fig. 12 t h a t  the  sputtered MoS2 
f i lm which i s  worn off  tends t o  agglomer- 
a t e  a t  the edges of the  wear t rack and 
around the r ide r .  A typ ica l  appearance of 
the scraped sputtered MoS2 f i lm i s  shown i n  
Fig. 13. A tendency f o r  agglomeration i s  
evident. This might be in te rp re ted  asbeing 
due t o  the submicroscopic s i ze  of the sput- 
t e red  material .  Pa r t i c les  of t h i s  submi- 
croscopic s i ze  (amorphous nature) have a 
tendency t o  bu i ld  up an e l e c t r o s t a t i c  
charge, which would enhance the tendency 
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f o r  agglomeration. It has been shown tha t  
c e r t a i n  semiconductor compounds l i k e  CdS 
and group 1 1 1 - V  compounds exhibi t  a polar 
nature with respect  t o  c e r t a i n  c rys ta l lo -  
graphic faces. (3 )  

Scanning e lect ron microscopy was used 
t o  determine the general surface topography 
of MoS2 sputtered coatings a s  received and 
the  surface of the coating which had been 
f r i c t i o n  tes ted.  Figures 14 and 15 provide 
a comparison of representative scanning 
e lect ron micrographs obtained from both 
areas  a t  1000 x and 5000 x magnifications. 
Figure 16 shows again the appewance of 
several  wear t racks  taken randomly, These 
micrographs of the wear t rack substant ia te  
the tendency fo r  agglomeration of the  wear 
debris.  The wear p a r t i c l e s  have a spheri- 
c a l  or e l l i p t i c a l  shape ra the r  than a 
f lake- l ike  one with sharp edges. The large  
number of the small spher ical  wear p a r t i c l e s  
which have a tendency t o  agglomerate might 
be instrumental i n  prolonging the wear l i f e  
because they can en te r  the  load carrying 
area  more f r e e l y  as  a r e s u l t  of t h e i r  shape 
and s ize .  

Torque Test Evaluation of Sputtered and 
Bonded MoS7 Ba l l  Bearings 

Three s e t s  of b a l l  bearings were r f  
sputtered with a 3500 2 th ick  MoS2 f i lm and 
another s e t  coated with sodium s i l i c a t e -  
bonded MoS2. Low speed torque measurements 
a t  4.5 kg th rus t  loads were made with each 
bearing running a t  88 rpm f o r  periods t o  
2 h r  o r  u n t i l  a s eady s t a t e  torque condi- 
t ion  was reached.f4) The r f  sputtered MoSZ 
f i lms gave the lowest torque, while the  

bonded MoS2 gave the  most consistent  per- 
f ormance. Stylus profilametry showed t h a t  
the sputtered MoS2 fi lms were smoothest, 
and a s  a r e s u l t  they gave the  bes t  torque 
performance and l e s s  degradation within the 
run-in condition. 

Summary of Results 

Thin (2000 - 6500 8.) sputtered MoS2 
films on highly polished (5xl0-4 p )  metal 
surfaces gave low average coeff ic ients  of 
f r i c t i o n  0.04 and long wear l i v e s ,  over 
0.5 mil l ion cycles a t  loads of 250 grams, 
The coeff ic ient  of f r i c t i o n  generally de- 
creased with higher loads (1000 grams) t o  
0.3 but had a decreased wear l i f e  of oidy 
38,000 cycles. 

F r ic t ion  experiments and t e n s i l e  t e s t s  
have indicated t h a t  sputtered fi lms have a 
strong adherence t o  metal subst ra tes ,  
Electron transmission, d i f f rac t ion  and 
scanning e lect ron microscopy was used t o  
characterize these fi lms.  It was found 
t h a t  these fi lms a re  of an "amorp ous" na- 
ture ,  p a r t i c l e  s i ze  l e s s  than 30 k i n  diam- 
e t e r .  These fi lms a re  very dense, and with- 
out observable pinholes and the  p a r t i c l e  
t o  p a r t i c l e  cohesion i s  strong. The strong 
adhesion t o  the surface and the strong co-- 
hesion between the p a r t i c l e s  i s  explained 
a s  being due t o  the  high energy of the sput- 
tered species, the s&microscopic s ize  of 
these species and the  sput ter  etched char- 
a c t e r  of the  subst ra te  surface, 
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C H E M I C A L  C O M P O S I T I O N  OF DC A N D  

R F  S P U T T E R E D  M o S 2  FILMS 

Table 1 

EXPT 
NO. 

1 HYDRAULIC DRIVE 
MOTOR 

2 MAGNETIC-DRIVE 
ASSEMBLY 

3 SHAFT 
4 DISK SPECIMEN 
5 RIDER SPECIMEN 
6 BELLOWS 
7 FRICTIONAL FORCE 
8 GIMBAL ASSEMBLY 
9 LOAD 

10 TRIGGERED DISCHARGE 
VACUUM GAGE 

11 GLASS WINDOW 

13 ELECTRON GUN WITH 
TUNGSTEN FILAMENT 

14 MASS SPECTRO- 
METER ASSEMBLY 

15 POWER SUPPLY 
16 MOLECULAR FLOW 

SEAL 
17 WATER-COOLED 

SUPPORT BEARING 
18 TO ION PUMP AND 

MECHANICAL 
PUMPING SYSTEM 

19 WATER-COOLED 
SUPPORT BEARING 

COMPOSITION OF 
ORIGINAL M o S ~ ,  

W T %  

Figure 1. - Ultra-high-vacuum friction apparatus. 

1 

COMPOSITION OF DC 
SPUTTERED FIW,  

WT % 
(EXP COND: 

COMPOSITION OF RF 
SPUTTERED FILM, 

W T %  
(EXP COND: 400 W 

3.5 kV, 20 MA, 20 pAr) 15 IJAr) 
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Figure 4. - Dark field transmission micrograph of 
MoS2 film. X154 000. 

(a) (b) 

Figure 5. - Electron transmission micrographs of r- f  sputtered MoS2 f i lm of nickel. 



Figure 6(a). - Electron diffraction pattern of sputtered 
MoS2 film. 

Figure 6(b). - Electron diffraction pattern of sputtered MoS2. 



SPUTTERED MoS2 ON INCONEL; ELONG. = 33 PERCENT; R.A. 58 PERCENT 

Figure 7. - Comparison of uncoated and rf sputtered MoS2 on nickel and inconel 
tensile specimens after fracture. 

Figure 8. - Sputtered MoS2 f i lm on copper surface. 
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CYCLES cs-57972 

Figure 9. - Ini t ia l  coefficient of friction of 440 C r ider 
slidingoon 440 C disk coated with r f  sputtered MoS2 
(MOO A) i n  vacuum (10-9 torr); load, 250 gms; speed 
50 rpm, at ambient temperature. 

CYCLES 
CS-5797 1 

Figure 10. - Average coefficient of f r ict ion of 
400 C rider sliding on 448 C disk coated with 
r f  s uttered MoS2 (6500 A) i n  vacuum B (10- torr); load, 1000 gms; speed, 80 rpm, 
at ambient temperature. 

LOAD, g 
(A) AT 40 RPM. (B) AT 80 RPM. 

CS-57973 

Figure 11. - Average fr ict ion coefficient of@ C rider sliding on 443 C 
disk coated with r f  sputtered MoS2 (6500 A) at speeds of 40 rpm and 
80 rpm in vacuum tor r )  at ambient temperature for 45 minutes. 



Figure 12. - Section of a wear track on 
(Ni-Cr disk with sputtered MoS2 film 
before failure, sliding over 0.5 million 
cycles. 

ELECTRON MICROGRAPH OF SPUTTERED MoS2 POWDER 
X27 000 

Figure 13. 



COMPARISON OF SCANNING ELECTRON MICROGRAPHS 

OF AS-SPUTTERED MoS2 ( 2 0 0 0 1 )  ON NICKEL SURFACE 
AND FRICTION WEAR TRACK AFTER SLIDING 

AS-SPUTTERED M o S 2  FIW WEAR TRACK AFTER SLIDING 

Figure 14 

COMPARISON OF SCANNING ELECTRON MICROGRAPHS 
OF AS-SPUTTERED MoS, ( 2 0 0 0 A )  ON NICKEL SURFACE 

AND FR ICT ION WEAR TRACK AFTER SLIDING 
AS-SPUTTERED M o S 2  FILM WEAR TRACK AFTER SLIDING 

Figure 15 



Figure 16. - Scanning electron micrographs of sputtered MoS2 wear traces on nickel surface affer sliding. 


